The molecular mechanism of COX-2-mediated allergic inflammation remains unknown. Results: miR-26a/-26b target COX-2 and regulate allergic inflammation-promoted enhanced tumorigenic and metastatic potential of cancer cells. Conclusion: The miR-26a/-26b-COX-2-MIP-2 loop regulates a positive feedback between allergic inflammation and tumor metastasis. Significance: The miR-26a/-26b-COX-2-MIP-2 loop can be employed for the development of anti-allergy and anti-cancer drugs.
inflammation and the feedback relationship between allergic inflammation and the enhanced tumorigenic and metastatic potential.
Cyclooxygenase-2 (COX-2) 3 regulates the inflammatory response induced by physiologic and stress stimuli. Allergic asthma induced by OVA involves the increased expression of COX-2 (1) . Histamine regulates the expression of COX-2 through NF-B (2) . COX-2-dependent production of PGD2 mediates the dsRNA-induced enhancement of airway inflammation and responsiveness (3) . TPA-induced allergic skin inflammation involves ERK activation and COX-2 up-regulation (4) . MAG-EPA reduces airway hyperresponsiveness and lung inflammation in OVA-sensitized animals (5) . COX-2-derived PGD2 and PGE2 regulate Th9 cell differentiation by suppressing IL-17RB expression via a protein kinase A-dependent mechanism (6) . COX-2-derived PGE (2) is a hallmark of allergic inflammation. PGE synthase-1 is responsible for the conversion of COX-2-derived PGH (2) to PGE (2) . Prostaglandin E synthase-1 (PGES) (2) contributes to the effector phase of some allergic responses (7) . PGE (2) , in autocrine or paracrine fashion, modulates transcriptional repressors of E-cadherin and thereby regulates COX-2-dependent E-cadherin expression (8) . However, the role of COX-2 in allergic inflammations, such as passive cutaneous anaphylaxis (PCA), passive systemic anaphylaxis (PSA), and triphasic cutaneous allergic reaction (TpCR), remains unknown.
PSA is mediated by bioactive mediators from mast cells. PSA forms a positive feedback relationship with tumorigenesis (9, 10) . These bioactive mediators cause severe hypotension, decrease in body temperature, and increased ␤-hexosaminidase activity (11) .
Histone acetylation/deacetylation regulates various cellular processes. HDAC3 and miR-384 form a negative feedback loop and regulate allergic inflammation (10) . Exposure to diesel exhaust particulate matter induces pulmonary inflammation and exacerbates asthma and chronic obstructive pulmonary disease (12) . Selective degradation of HDAC1 via acetylation and the recruitment of HAT play an important role in diesel exhaust particulate matter-induced expression of the COX-2 gene (12) .
The house dust extract-induced model of asthma-like pulmonary inflammation involves the induction of MIP-2 (13) . Neutrophil-driven pulmonary inflammation requires MIP-2 for the recruitment of neutrophil (14) . CXCR2, a receptor for MIP-2, is required for neutrophilic airway inflammation (15) . Chronic production of IL-1␤ in respiratory epithelial cells of adult mice causes lung inflammation and airway fibrosis in the adult mouse in a manner associated with its effect on MIP-2 expression (16) . The role of MIP-2 in relation to HDACs and COX-2 remains unknown.
MicroRNAs (miRNAs) are a class of small non-coding RNAs (about 22 nucleotides in length) that regulate gene expression by binding to the 3Ј-untranslated regions (UTRs) of target messenger RNAs (mRNAs), typically resulting in protein translation repression or mRNA degradation (17, 18) . miR-146a controls nuclear factor B-dependent inflammatory responses in keratinocytes and chronic skin inflammation in atopic dermatitis (19) . miRNAs regulate mast cell development (20) and eosinophil differentiation and function (21) . miR-142-3p rescues the reduction of degranulation by silencing Dicer, a key enzyme of miRNA biogenesis (22) . The inhibition of miR-145 inhibits eosinophilic inflammation, mucus hypersecretion, T(H)2 cytokine production, and airway hyperresponsiveness (23) . Let-7 miRNA mediates allergic lung disease by regulating the production of proinflammatory cytokines (24) . Selective blockade of miR-126 suppresses the asthmatic phenotype, resulting in diminished T(H)2 responses, inflammation, airway hyperresponsiveness, eosinophil recruitment, and mucus hypersecretion (25) . miR-192 targets macrophage inflammatory peptide MIP-2 in colon epithelial cells (26) . These reports indicate the potential roles of miRNAs in allergic inflammation and remodeled tumor microenvironments.
In this study, we investigated the role of COX-2 in allergic inflammations, such as TpCR, PCA, and PSA. We present evidence that COX-2 is necessary for allergic inflammation in vitro and in vivo. We identified miR-26a and miR-26b as negative regulators of COX-2. We confirmed the role of miR-26a and miR-26b in allergic inflammation. We investigated the role of MIP-2, regulated by COX-2, in allergic inflammation in vitro and in vivo. We showed a negative regulatory role of miR-26a and miR-26b in the positive feedback relationship between allergic inflammation and the enhanced tumorigenic and metastatic potential. We showed that COX-2 was necessary for allergic inflammation-promoted enhanced metastatic potential of cancer cells. The miR-26a/-26b-COX-2-MIP-2 loop regulated allergic inflammation and the relationship between allergic inflammation and the enhanced tumorigenic and metastatic potential. Thus, the COX-2-miR-26a/-26b-MIP-2 loop is a potential target for the development of anti-allergy and anticancer drugs.
Experimental Procedures
␤-Hexosaminidase Activity Assays-The ␤-hexosaminidase activity assay was performed according to standard procedures (9) .
Cell Lines and Cell Culture-RBL2H3 (rat basophilic leukemia) cells were obtained from the Korea Cell Line Bank (Seoul, Korea). Cells were grown in Dulbecco's modified Eagle's medium containing heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin (Invitrogen). Cultures were maintained in 5% CO 2 at 37°C. Bone marrow-derived mouse mast cells were isolated and cultured according to standard procedures (24) . B16F1 and B16F10 melanoma cells were cultured in Dulbecco's modified minimal essential medium (DMEM; Gibco) supplemented with heat-inactivated 10% fetal bovine serum (FBS; Gibco) and antibiotics at 37°C in a humidified incubator with a mixture of 95% air and 5% CO 2 . Lung macrophages and lung endothelial cells were isolated according to the standard procedures (10) .
Isolation of Ear Skin Mast Cells from Mice-Ears of BALB/c mice were cut into fragments and incubated in RPMI 1640 medium supplemented with 25% fetal bovine serum, 1.5 mg/ml collagenase (Sigma-Aldrich), 0.5 mg/ml hyaluronidase (Sigma-Aldrich), 0.2 mg/ml protease (Sigma-Aldrich), and 0.5 mg/ml DNase I (Sigma-Aldrich) for 60 min at 37°C. Dispersed cells were filtered sequentially through 70-and 40-m cell strainers (BD Biosciences). The pelleted cells were resuspended in RPMI 1640 medium containing 0.1% bovine serum albumin and submitted to a continuous isotonic Percoll gradient (72%) for mast cell isolation. Purified mast cells were resuspended in RPMI-FBS. The cell purity (Ͼ96%) and viability (Ͼ98%) were evaluated by toluidine blue and trypan blue exclusion staining, respectively.
Isolation of Lung Mast Cells-Lung tissues of BALB/c mice were cut into fragments and incubated in modified Tyrode's buffer (137 mmol/liter NaCl, 2.8 mmol/liter KCl, 12 mmol/liter NaHCO 3 , 0.49 mmol/liter MgCl 2 , 0.4 mmol/liter NaH 2 PO 4 , 5.5 mmol/liter glucose, 10 mmol/liter HEPES, 3.5 mg/ml BSA) medium supplemented with 0.5 mg/ml collagenase (Sigma-Aldrich) for 15 min at 37°C. The supernatant tissue pellets were collected and resuspended with collagenase solution in Tyrode's buffer at 37°C for another 30 min. After 30 min, 10 ml of 0.015 mg/ml DNase I (Sigma-Aldrich) solution in PBS was added to tissue pellet and incubated at 37°C for another 30 min. To remove the large undigested tissue pieces, the tissue pellets were filtered through 70-m strainers (BD Biosciences). The pelleted cells were resuspended in lysis buffer (1.37 g of NH 4 Cl, 0.515 g of Tris, 250 ml of double-distilled H 2 O, pH 7.2) to remove red blood cells and incubated for 5 min at room temperature. After the addition of 10 ml of PBS/DNase solution to stop the lysis reaction and centrifugation at 200 ϫ g for 10 min, the cell pellets were resuspended in DNase I solution in RPMI
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medium and subjected to a continuous isotonic Percoll gradient (72%). Purified mast cells were resuspended in RPMI-FBS. The cell purity (Ͼ96%) and viability (Ͼ98%) were evaluated by toluidine blue and trypan blue exclusion staining, respectively.
Mice-Five-week-old female BALB/c mice were purchased from Nara Biotech (Seoul, Korea) and maintained in specific pathogen-free conditions. All animal experiments were approved by the Institutional Animal Care and Use Committee of Kangwon National University (KW-140707-1). To measure the tumorigenic potential, mouse melanoma B16F1 cells (1 ϫ 10 6 cells in 100 l of PBS), after induction of passive systemic anaphylaxis, were injected subcutaneously into the right flank of each mouse (n ϭ 5). Tumor growth was evaluated by measuring the tumor diameters with calipers and calculating the tumor volumes using an approximated formula for a prolate ellipsoid as follows, volume ϭ ((a ϫ b 2 )/2), where a is the longest axis of the tumor, and b is the shortest axis. After 3 weeks, the mice were sacrificed, and the final tumor volumes were measured. To determine the effect of miR-26 on the tumorigenic potential, miR-26a mimic (100 nM) or miR-26 mimic (100 nM) was injected intravenously five times, before and after B16F1 cell injection, in a total of 17 days. COX-2(Ϫ/Ϫ) mice were kindly provided by professor Young Myeong Kim (Kangwon National University, Korea).
Chemicals and Reagents-Oligonucleotides used in this study were commercially synthesized by the Bionex Company (Seoul, Korea). Chemicals used in this study were purchased from Sigma. DNP-HSA and DNP-specific IgE antibody were purchased from Sigma. TNP-BSA was purchased from Santa Cruz Biotechnology. TNP-specific IgE antibody was purchased from BioLegend Co. Anti-mouse and anti-rabbit IgG-horseradish peroxidase conjugate antibody was purchased from Pierce. All other antibodies were purchased from Cell Signaling Co. (Beverly, MA). Lipofectamine and Plus TM reagent for transfection were purchased from Invitrogen. Cytokine array kit was purchased from (R&D Systems, Minneapolis, MN). miR mimics and miR inhibitors were purchased from Bioneer Company (Daejon, Korea).
Transfection-Transfections were performed according to the manufacturer's instructions. Lipofectamine and Plus reagents (Invitrogen) were used. The construction of siRNA was carried out according to the instruction manual provided by the manufacturer (Ambion, Austin, TX). For miR-26 knockdown, cells were transfected with 10 nM oligonucleotide (inhibitor) with Lipofectamine 2000 (Invitrogen), according to the manufacturer's protocol. The sequences used were as follows: 5Ј-AGCCUAUCCUGGAUUACUUGAA-3Ј (miR-26a inhibitor) and 5Ј-GCAUCUAUCUAUAUAUCUA-3Ј (control inhibitor); 5Ј-AAGUUCAUUAAGUCCUAUCCAA-3Ј (miR-26b inhibitor) and 5Ј-GCAUCUAUCUAUAUAUCUA-3Ј (control inhibitor).
ChIP Assay-Assays were performed according to the manufacturer's instructions (Upstate Biotechnology, Inc.). The antibody immunoprecipitates were reverse cross-linked. PCR was done on the phenol-chloroform-extracted DNA with specific primers. To examine the binding of protein of interest to the miR-26a promoter sequences, specific primers of the miR-26a promoter-1 sequences (5Ј-CCACACTCCCTGGGAA-CATC-3Ј (sense) and 5Ј-TGCATGCATGAGGCAGAGAA-3Ј (antisense)), miR-26a promoter-2 sequences (5Ј-TCCCCCAT-CAAACTCAAGGC-3Ј (sense) and 5Ј-GGAAAGAGCCCTG-GCTTAGG-3Ј (antisense)), and miR-26a promoter-3 sequences (5Ј-ACCTAGCTCTCTATCCTGTCCT-3Ј (sense) and 5Ј-GGG-TGTCTACTGCCAAAGAGAA-3Ј (antisense)) were used.
To examine the binding of protein of interest to the miR-26b promoter sequences, specific primers of the miR-26b promoter-1 sequences (5Ј-GACCTAGCCGGAAGTAGACTTG-3Ј (sense) and 5Ј-TGAAGGAGCTGTGCACCA-3Ј (antisense)), miR-26b promoter-2 sequences (5Ј-TGGTGCACAGCTCCTTCA-3Ј (sense) and 5Ј-TAGTGCAGACACCAAGCTCC-3Ј (antisense)), and miR-26b promoter-3 sequences (5Ј-GGAGCTTGGTGTCT-GCACTA-3Ј (sense) and 5Ј-GTAGGGGTAAGAGGGGAA-AGA-3Ј (antisense)) were used.
To examine the binding of protein of interest to MIP-2 promoter sequences, specific primers of the MIP-2 promoter-1 sequences (5Ј-AAGAGCCTCGGAAGTTCC-3Ј (sense) and 5Ј-TGTGTGTTCAAGCGTGAAC-3Ј (antisense)) and MIP-2 promoter-2 sequences (5Ј-GTTCACGCTTGAACACACA-3Ј (sense) and 5Ј-TCTGAGGTCCCGAGAGCT-3Ј (antisense)) were used.
miR-26a, miR-26b, and pGL3-3Ј-UTR-COX-2 Construct-To generate miR-26a expression vector, a 412-bp genomic fragment encompassing the primary miR-26a gene was PCR-amplified and cloned into the GGATCC2CTCGAG site of the pcDNA3.1 vector. To generate miR-26b expression vector, a 330-bp genomic fragment encompassing the primary miR-26b gene was PCR-amplified and cloned into the GGATCC2CTC-GAG site of pcDNA3.1 vector. To generate the pGL3-3Ј-UTR-COX-2 construct, a 567-bp mouse COX-2 gene segment encompassing 3Ј-UTR was PCR-amplified and subcloned into the TCTAGA2TCTAGA site of the pGL3 luciferase plasmid. The mutant pGL3-3Ј-UTR-COX-2 construct was made with deletion of the miR-26a-or miR-26b-responsive element. The luciferase activity assay was performed according to the instruction manual (Promega).
IgE-dependent TpCR in Mouse Ear-To induce the IgE-dependent TpCR in the ear of female BALB/C mice, mice were sensitized by injecting DNP-specific IgE antibody (10 g/kg) intravenously. Twenty-four hours later, a cutaneous reaction was evoked by painting with 25 l of 0.15% 2,4-dinitrofluorobenzene acetone/olive oil (3:1) solution onto each surface of both ear lobes. Ear thickness was measured by using a digital gauge.
Passive Cutaneous Anaphylaxis-BALB/C mice were passively sensitized with an intradermal injection of DNP-specific IgE (0.5 g/kg). The mice were challenged 24 h later with an intravenous injection of DNP-HSA (250 g/kg) plus 250 l of PBS containing 2% (v/v) Evans Blue solution. Thirty minutes after DNP-HSA challenge, the mice were euthanized, and the 2% (v/v) Evans Blue dye was extracted from each dissected ear in 700 l of acetone/water (7:3) overnight. The absorbance of Evans Blue in the extracts was measured with a spectrophotometer at 620 nm. To determine the effect of miR-26 on the PCA, BALB/C mice were given an intravenous injection of control mimic (100 nM) or miR-26a mimic (100 nM) on the next day of the sensitization with DNP-specific IgE. One hour after the injection of miR mimic, BALB/c mice were challenged with DNP-HSA (250 g/kg) plus 250 l of PBS containing 2% (v/v) Evans Blue solution for determining the extent of vascular permeability accompanied by PCA.
IgE-dependent Passive Systemic Anaphylaxis-For the induction of passive systemic anaphylaxis, BALB/c mice were sensitized by an intravenous injection of DNP-specific IgE (0.5 g/kg) or TNP-specific IgE (0.5 g/kg). The next day, sensitized mice were challenged by an intravenous injection of DNP-HSA (250 g/kg) or TNP-BSA (250 g/kg). To examine the effect of miR-26a or miR-26b on PSA, BALB/c mice were passively sensitized with an intravenous injection of DNP-specific IgE (0.5 g/kg) or TNP-specific IgE (0.5 g/kg) along with miR-26a mimic (100 nM) or miR-26b mimic (100 nM). The mice were challenged 24 h later with an intravenous injection of DNP-HSA (250 g/kg) or TNP-BSA (250 g/kg).
Monitoring of Rectal Temperature-Changes in core body temperature associated with systemic anaphylaxis were monitored by measuring changes in rectal temperatures using a rectal probe coupled to a digital thermometer as described (9, 10) .
Cytokine Arrays-Expression levels of cytokine/chemokines were determined by using a Proteom Profiler TM mouse cytokine array kit (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions.
Reactive Oxygen Species (ROS) Measurement-The IgE-sensitized RBL2H3 cells were transfected with control vector (1 g), miR-26a (1 g), or miR-26b (1 g) for 24 h, followed by stimulation with DNP-HSA (100 ng/m) for 1 h. The level of reactive oxygen species was measured by using the 2Ј,7Ј-dichlorofluorescein diacetate by confocal microscopy.
Rac1 Activity-Rac1 activity assays were performed according to well established procedures (27) . . C, cell lysates isolated from ear skin mast cells of each mouse were subjected to ␤-hexosaminidase activity assays. **, p Ͻ 0.005. D, lysates isolated from ear skin mast cells of each mouse were subjected to Western blot analysis (top) and were immunoprecipitated with the indicated antibody, followed by Western blot analysis (bottom). E, PCA employing the C57BL/6 mice was performed as described. In brief, the indicated C57BL/6 mice were given an intradermal injection of DNP-specific IgE antibody (0.5 g/kg) or DNP-specific IgG (0.5 g/kg). The next day, the mice were given an intravenous injection of PBS or DNP-HSA (250 g/kg) along with 2% (v/v) Evans Blue solution. One hour after the injection, the extent of vascular permeability was determined as described. Each experimental group consisted of four mice. Means Ϯ S.E. of three independent experiments are depicted. Representative images from four animals of each experimental group are shown. Ear tissue lysates isolated from each mouse were subjected to Western blot analysis and ␤-hexosaminidase activity assays. **, p Ͻ 0.005. F, PSA employing the indicated C57BL/6 mice was performed. In brief, the indicated C57BL/6 mice were sensitized to DNP-specific IgE (0.5 g/kg) by an intravenous injection. The next day, the indicated mice were given an intravenous injection of DNP-HSA (250 g/kg). The mRNAs from whole blood and lung tissues were isolated and subjected to qRT-PCR analysis. **, p Ͻ 0.005; ***, p Ͻ 0.0005.

RNA Extraction and Quantitative RT-PCR (qRT-PCR)-
Total miRNA was isolated using the mirVana miRNA isolation kit (Ambion). miRNA was extended by a poly(A) tailing reaction using the A-Plus poly(A) polymerase tailing kit (Cell Script). cDNA was synthesized from miRNA with a poly(A) tail using a poly(T) adaptor primer and qScript TM reverse transcriptase (Quanta Biogenesis). Expression levels of miR-26a or miR-26b were quantified with the SYBR Green qRT-PCR kit (Ambion) using a miRNA-specific forward primer and a universal poly(T) adaptor reverse primer. The expression of miR-26a or miR-26b was defined based on the threshold (Ct), and relative expression levels were calculated as 2 Ϫ((Ct of miR-26a or miR-26b) Ϫ (Ct of U6)) after normalization with reference to expression of U6 small nuclear RNA. For quantitative PCR, SYBR PCR Master Mix (Applied Biosystems) was used in a CFX96 real-time system thermocycler (Bio-Rad). To determine the level of COX-2 or MIP-2 mRNA, total RNA was isolated with TRIzol reagent (Invitrogen). RNA was then reverse transcribed using Moloney murine leukemia virus reverse transcriptase (Invitrogen) and random primers (Roche Applied Science). The cDNA was amplified with specific primers and Power SYBR Green PCR master mix (Applied Biosystems).
Preparation of siRNA Duplexes-Construction of siRNA was carried out according to the instruction manual provided by the manufacturer (Ambion, Austin, TX). COX-2 siRNA-1 sequences (5Ј-AATTTCCCTTCACACCCATGGCCTCTTCTC-3Ј (sense) and 5Ј-AACCATGGGTGTGAAGGGAAACCTGTCTC-3Ј (antisense)); COX-2 siRNA-2 sequences (5Ј-GACUACGUG-CAACACCUGACCTGTCTC-3Ј (sense) and 5Ј-UCAGGUGU-UGCACGUAGUCCCTGTCTC-3Ј (antisense)); COX-2 scrambled (5Ј-GTTCTCCCACCCGTACTTCAACCTAGTCT-3Ј FIGURE 2. The down-regulation of COX-2 negatively regulates allergic inflammation in vitro and in vivo. A, RBL2H3 cells were transfected with the indicated siRNA (each at 10 nM) prior to sensitization with DNP-specific IgE (100 ng/ml). The IgE-sensitized RBL2H3 cells were then stimulated with DNP-HSA (100 ng/ml) for 1 h. Cell lysates were subjected to Western blot analysis. IP, immunoprecipitation; Scr., scrambled siRNA. B, same as A except that ␤-hexosaminidase activity assays were performed. **, p Ͻ 0.005. C, BALB/c mice were injected with scrambled (100 nM) or COX-2 siRNA (100 nM) via the tail vein. The next day, BALB/c mice were injected with DNP-specific IgE (0.5 g/kg) via the tail vein. The following day, BALB/c mice were injected intravenously with DNP-HSA (250 g/kg) or PBS, and rectal temperatures were measured. Each experimental group consisted of five mice. The means Ϯ S.E. (error bars) of three independent experiments are depicted. D, 2 h after the injection of DNP-HSA, lung tissue lysates were isolated and subjected to Western blot analysis. Lung tissue lysates were also immunoprecipitated with the indicated antibody, followed by Western blot analysis. Lung tissue lysates were also subjected to qRT-PCR analysis and ␤-hexosaminidase activity assays. ***, p Ͻ 0.0005. E, BALB/c mice were given an intradermal injection of DNP-specific IgE (0.5 g/kg). The next day, BALB/c mice were given an intravenous injection of scrambled (100 nM) or COX-2 siRNA (100 nM). One hour after the injection of siRNA, BALB/c mice were given an intravenous injection of PBS or DNP-HSA (250 g/kg) along with 2% (v/v) Evans Blue solution. One hour after the injection of Evans Blue solution, the dye was eluted from the ear in 700 l of formamide at 63°C. The absorbance was measured at 620 nm. Ear lysates were subjected to ␤-hexosaminidase activity assays, qRT-PCR analysis, immunoprecipitation, and Western blot. *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.005. MAY 29, 2015 • VOLUME 290 • NUMBER 22
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(sense) and 5Ј-GAACGGGTCTGCACTAGGAGCCATAA-GTT-3Ј (antisense)); MIP-2 siRNA-1 sequences (5Ј-GAGUUGG-GAACUAGCUACA-3Ј (sense) and 5Ј-UGUAGCUAGUUCCC-AACUC-3Ј (antisense)); MIP-2 siRNA-2 sequences (5Ј-GUGA-GUAACCCUUGGACAUCCTGTCTC-3Ј (sense) and 5Ј-AUG-UCCAAGGGUUACUCACCCTGTCTC-3Ј (antisense)); MIP-2 scrambled (5Ј-GGTACGTCTCGAAGATAGA-3Ј (sense) and 5Ј-GCTATCGCCCATTGCTAAT-3Ј (antisense)) were used.
Western Blot Analysis-Western blot and immunoprecipitation were performed according to standard procedures (10) . For analysis of proteins from tissues, frozen samples were ground to a fine powder using a mortar and pestle over liquid nitrogen. Proteins were solubilized in radioimmune precipitation buffer containing protease inhibitors, and insoluble material was removed by centrifugation.
miRNA Target Analysis-Genes that contain the miR-binding site(s) in the UTR were obtained using the TargetScan program.
Intravital Microscopy-Male BALB/c mice (6 -8 weeks old) were obtained from Daehan Biolink. In vivo angiogenesis was assessed as follows. The mice were anesthetized with 2.5% avertin (v/v) via intraperitoneal injection (Surgivet), and abdominal wall windows were implanted. Next, a titanium circular mount with eight holes on the edge was inserted between the skin and the abdominal wall. Growth factor-reduced Matrigel containing the conditioned medium was applied to the space between the windows, and a circular glass coverslip was placed on top and fixed with a snap ring. After 4 days, the animals were anesthetized and injected intravenously with 50 l of 25 ng/ml fluorescein isothiocyanate-labeled dextran (M r ϳ2,000,000) via the tail vein. The mice were then placed on a Zeiss Axiovert 200M microscope. The epi-illumination microscopy setup included a 100-watt mercury lamp and filter set for blue light. Fluorescence images were recorded at random locations of each window using an electron-multiplying charge-coupled device camera (Photo Max 512, Princeton Instruments) and digitalized for subsequent analysis using the Metamorph program (Universal Imaging). The assay was scored from 0 (negative) to 5 (most positive) in a double-blinded manner. To determine the effect of miR mimics on the PSA-promoted angiogenesis, BALB/c mice were sensitized to DNP-specific IgE (0.5 g/kg) by an intravenous injection. BALB/C mice were also given an intravenous injection of control mimic (100 nM), miR-26a mimic (100 nM), or miR-26b mimic (100 nM). The next day, 
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BALB/c mice were given an intravenous injection of DNP-HSA (250 g/kg) or PBS. One hour after stimulation with DNP-HSA (250 g/kg), lung tissues were isolated. Lung mast cells were then isolated. The conditioned medium of lung mast cells (10 l) was mixed with growth factor-reduced Matrigel. Intravital microscopy was performed as described.
In Vivo Matrigel Plug Assay-Seven-week-old BALB/c mice (DBL Co., Ltd., Seoul, Korea) were injected subcutaneously with 0.1 ml of Matrigel containing the conditioned medium and 10 units of heparin (Sigma). The injected Matrigel rapidly formed a single, solid gel plug. After 8 days, the skin of the mouse was easily pulled back to expose the Matrigel plug, which remained intact. Hemoglobin content in the Matrigel plugs was measured using the Drabkin reagent (Sigma) for quantification of blood vessel formation. To determine the effect of miR-26 on the angiogenic potential, the conditioned medium of lung mast cells, obtained after PSA induction in the absence or presence of miR-26a mimic or miR-26b mimic, was mixed with Matrigel containing 10 units of heparin.
Histological Analyses-Immunohistochemical staining of lung tissues was also performed using an established avidinbiotin detection method (Vectastain ABC kit, Vector Laboratories Inc., Burlingame, CA). Briefly, 4 -6-m-thick sections of the paraffin-embedded tissue blocks were cut, mounted on positively charged glass slides, and dried in an oven at 56°C for 30 min. The sections were deparaffinized in xylene and then rehydrated in graded ethanol and water. Endogenous peroxidase was blocked by incubation in 3% (v/v) hydrogen peroxide for 15 min. Antigen retrieval was accomplished by pretreatment of the sections with citrate buffer at pH 6.0 for 20 min at 56°C in a microwave oven and then allowing the sections to cool for 30 min. Nonspecific endogenous protein binding was blocked using 1% bovine serum albumin (BSA). The sections were then incubated with primary antibodies overnight at 4°C. The following primary antibodies were used for single and double staining: anti-MIP-2 (1:100; Santa Cruz Biotechnology) and anti-COX-2 (1:50; Abcam). After washing, biotinylated secondary antibodies were applied at 1:100 or 1:200 dilutions . miR-26a and miR-26b negatively regulate the in vitro allergic inflammation. A, RBL2H3 cells were transfected with control vector (1 g), miR-26a construct (1 g), or miR-26b construct (1 g) prior to sensitization with DNP-specific IgE (100 ng/ml). The IgE-sensitized RBL2H3 cells were then stimulated with DNP-HSA (100 ng/ml) for 1 h. Cell lysates were subjected to ␤-hexosaminidase activity assays. **, p Ͻ 0.005. B, same cell lysates were subjected to Western blot analysis (top). Cell lysates were also subjected to immunoprecipitation (IP) employing the indicated antibody, followed by Western blot analysis (bottom). C, the level of reactive oxygen species was measured by employing DCFH-DA (left). Rac1 activity assays employing cell lysates were performed as described (right). D, RBL2H3 cells were transfected with control mimic (10 nM), miR-26a mimic (10 nM), or miR-26b mimic (10 nM) prior to sensitization with DNP-specific IgE (100 ng/ml). The IgE-sensitized RBL2H3 cells were then stimulated with DNP-HSA (100 ng/ml) for 1 h. Cell lysates were subjected to Western blot analysis (top). Cell lysates were also subjected to immunoprecipitation (IP) employing the indicated antibody, followed by Western blot analysis (bottom). E, same as D except that ␤-hexosaminidase activity assays were performed. **, p Ͻ 0.005; ***, p Ͻ 0.0005. Error bars, S.E.
for 1 h. Color was developed with diaminobenzidine (Vector Laboratories, Inc.). Sections were counterstained with Mayer's hematoxylin. Sections incubated without primary antibody served as controls. To visualize tissue mast cells, the sections were stained with 0.1% olivine blue (Sigma) in 0.1 N HCl for 15 min.
In Vivo Metastasis-For the induction of passive systemic anaphylaxis, BALB/c mice were sensitized by an intravenous injection of DNP-specific IgE (0.5 g/kg). The next day, sensitized mice were challenged by an intravenous injection of DNP-HSA (250 g/kg). To determine the effect of COX-2 on the enhanced metastatic potential of cancer cells by PSA, BALB/c mice were given an intravenous injection with scrambled (100 nM) or COX-2 siRNA (100 nM) on days 1, 5, and 7 of the time line. Three days after the injection of IgE, BALB/c mice were given an intravenous injection of B16F1 melanoma cells (2 ϫ 10 5 ). On day 12 of the time line, lung tumor tissues were harvested. The extent of metastasis was determined as described.
In Vivo Tumorigenic Potential-To determine the effect of miR-26 on the enhanced tumorigenic potential of cancer cells by PSA, BALB/c mice were given an intravenous injection with control mimic (100 nM), miR-26a mimic (100 nM), or miR-26b mimic (100 nM) on days 0, 5, 8, 11, and 14 of the time line. Fifteen days after the injection of B16F1 cells (2 ϫ 10 5 ), the tumorigenic potential of B16F1 cells was determined.
Chemoinvasion Assays-The invasive potential was determined by using a transwell chamber system with 8-m pore polycarbonate filter inserts (CoSTAR, Acton, MA). The lower and upper sides of the filter were coated with gelatin and Matrigel gel, respectively. Trypsinized cells (5 ϫ 10 3 ) in serum-free RPMI 1640 medium containing 0.1% bovine serum albumin were added to each upper chamber of the transwell. RPMI 1640 medium supplemented with 10% fetal bovine serum was placed in the lower chamber, and cells were incubated at 37°C for 16 h. The cells were fixed with methanol, and the invaded cells were stained and counted. Results were analyzed for statistical significance using Student's t test. Differences were considered significant when p was Ͻ0.05. To examine the effect of miR-26 on the enhanced invasion potential of B16F1 melanoma cells by mast cells, lung mast cells obtained after PSA were transfected 
with miR-26 mimic. After transfection, conditioned medium was obtained and added to B16F1 cells for 24 h. Chemoinvasion assays were performed.
Statistical Analysis-Data were analyzed and graphed using the GraphPad Prism statistics program (GraphPad Software). Results are presented as mean Ϯ S.E. Statistical analysis was performed using Student's t tests with differences between means considered significant when p was Ͻ0.05.
Results
COX-2 Is Necessary for in Vivo Allergic Inflammation-We
first examined whether COX-2 would be necessary for in vivo allergic inflammation. TpCR in C57BL/6 mice was accompanied by increased ear thickness, but not in the COX-2(Ϫ/Ϫ) C57BL/6 mice (Fig. 1A) . TpCR in the C57BL/6 mice was accompanied by the increased expression of COX-2, HDAC3, and TGaseII (Fig. 1B) . HDAC3 mediates allergic inflammation by regulating the expression of MCP1 (28) . TGaseII forms a feedback loop with miR-218/-181a and regulates allergic inflammation in vitro and in vivo (9) . COX-2 expression is regulated by histone modifications (29) . TpCR in C57BL/6 mice was accompanied by the interaction between Fc⑀RI and Lyn and also the interaction between Fc⑀RI and Syk (Fig. 1B) . Ear skin mast cells isolated after the induction of TpCR in C57BL/6 mice, but not in the COX-2(Ϫ/Ϫ) C57BL/6 mice, showed the increased ␤-hexosaminidase activity (Fig. 1C ). Ear skin mast cells isolated after the induction of TpCR in C57BL/6 mice showed the increased expression of COX-2, HDAC3, and TGaseII and the interaction between Fc⑀RI and Lyn and also the interaction between Fc⑀RI and Syk (Fig. 1D) . PCA in the C57BL/6 mice, but not in the COX-2(Ϫ/Ϫ) C57BL/6 mice, was accompanied by increased vascular permeability (Fig. 1E ). Western blot of ear tissue lysates showed the increased expression of COX-2, HDAC3, and TGaseII in the C57BL/6 mice by PCA, but not in the COX-2(Ϫ/Ϫ) C57BL/6 mice (Fig. 1E) . The induction of PCA in the C57BL/6 mice was accompanied by increased ␤-hexosaminidase activity, but not in the COX-2(Ϫ/Ϫ) C57BL/6 mice (Fig. 1E) . The induction of PSA was accom- MAY 29, 2015 • VOLUME 290 • NUMBER 22
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panied by an increased expression of COX-2 (Fig. 1F) . These results suggest that COX-2 is necessary for in vivo allergic inflammation.
The Down-regulation of COX-2 Negatively Regulates Allergic Inflammation in Vitro and in Vivo-We further examined the role of COX-2 in allergic inflammation. The down-regulation of COX-2 by siCOX-2 prevented antigen from increasing the expression of HDAC3 and TGaseII in antigen-stimulated RBL2H3 cells ( Fig. 2A ) and prevented antigen from increasing ␤-hexosaminidase activity in antigen-stimulated RBL2H3 cells (Fig. 2B) . We examined the effect of COX-2 on PSA. The in vivo down-regulation of COX-2 prevented the antigen from decreasing the rectal temperature of the mice (Fig. 2C) . The in vivo down-regulation of COX-2 prevented antigen from increasing the expression levels of HDAC3 and MIP-2 and pre-vented antigen from inducing an interaction between Fc⑀RI and Lyn (Fig. 2D ). The role of MIP-2, a macrophage inhibitory protein-2, in allergic atopic dermatitis has been reported (31) . The down-regulation of COX-2 occurred at the transcriptional level by COX-2 siRNA and prevented antigen-induced increase in ␤-hexosaminidase activity in the mouse model of PSA (Fig.  2D) . The in vivo down-regulation of COX-2 negatively regulated vascular permeability, ␤-hexosaminidase activity, the expression of HDAC3 and MIP-2, and the interaction between Fc⑀RI and Lyn in the mouse model of PCA (Fig. 2E) . These results indicate that COX-2 is necessary for allergic inflammation in vitro and in vivo.
miR-26a and miR-26b Target COX-2-miRNAs are known to regulate allergic inflammation (9, 10). TargetScan analysis predicted the binding of miR-26a and miR-26b to the 3Ј-UTR of FIGURE 7 . MIP-2 is regulated by miR-26, miR-26b and COX-2. A, the indicated mice were given an intravenous injection of DNP-specific IgE (0.5 g/kg). The next day, the indicated mice were given an intravenous injection of DNP-HSA (250 g/kg). One hour after stimulation with DNP-HSA (250 g/kg), serum was isolated from each mouse of each experimental group of mice and subjected to cytokine array analysis. B, RBL2H3 cells were transfected with various concentrations of miR-26a inhibitor for 8 h. Cell lysates were subjected to qRT-PCR analysis (left). **, p Ͻ 0.005; ***, p Ͻ 0.0005. Cell lysates were also subjected to Western blot analysis (right). C, same as B except that RBL2H3 cells were transfected with miR-26b inhibitor. **, p Ͻ 0.005; ***, p Ͻ 0.0005. D, RBL2H3 cells were transfected with the indicated construct (each at 1 g) prior to sensitization with DNP-specific IgE (100 ng/ml). The IgE-sensitized RBL2H3 cells were then stimulated with DNP-HSA (100 ng/ml) for 1 h. Cell lysates were subjected to qRT-PCR analysis (left) and Western blot analysis (right). **, p Ͻ 0.005; ***, p Ͻ 0.0005. E, same as D except that RBL2H3 cells were transfected with miR-26b construct (1 g). **, p Ͻ 0.005; ***, p Ͻ 0.0005. F, RBL2H3 cells were transfected with the indicated siRNA (10 nM each) prior to sensitization with DNP-specific IgE (100 ng/ml). The IgE-sensitized RBL2H3 cells were then stimulated with DNP-HSA (100 ng/ml) for 1 h. Cell lysates were subjected to qRT-PCR analysis (left) and Western blot analysis (right). ***, p Ͻ 0.0005. Error bars, S.E. Scr., scrambled siRNA.
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COX-2 (Fig. 3A) . Antigen stimulation in RBL2H3 decreased the expression of miR-26a and miR-26b (Fig. 3B) . The overexpression of miR-26a ( Fig. 3C ) or miR-26b ( Fig. 3D ) decreased luciferase activity associated with the wild type 3Ј-UTR of COX-2, but not mutant 3Ј-UTR of COX-2, in antigen-stimulated RBL2H3 cells. The down-regulation of COX-2 did not affect the expression of miR-26a or miR-26b (data not shown), suggesting that miR-26a/-26b act upstream of COX-2. These results suggest that miR-26 and miR-26b target the expression of COX-2 to regulate allergic inflammation.
miR-26a and miR-26b Negatively Regulate the in Vitro Allergic Inflammation-The overexpression of miR-26a construct and miR-26b construct prevented antigen-induced increase in ␤-hexosaminidase activity (Fig. 4A ) and prevented antigen from increasing the expression of HDAC3, COX-2, MCP1, and TGaseII in RBL2H3 cells (Fig. 4B) . The overexpression of miR-26a and miR-26b prevented antigen from inducing an interaction between Fc⑀RI and Lyn (Fig. 4B ) and prevented antigen from increasing the levels of ROS and active Rac1 in RBL2H3 cells (Fig. 4C ). miR-26a mimic and miR-26b mimic prevented antigen from increasing the expression of COX-2 and HDAC3 and prevented antigen from inducing an interaction between Fc⑀RI and Lyn in RBL2H3 cells (Fig. 4D ). miR-26a mimic and miR-26b mimic prevented antigen-induced increase in ␤-hexosaminidase activity in RBL2H3 cells (Fig. 4E) . These results suggest that miR-26a and miR-26b negatively regulate the features of in vitro allergic inflammation.
miR-26 Inhibitors Target COX-2 to Regulate in Vitro Allergic Inflammation in an IgE-independent Manner-Because overexpression of miR-26a and miR-26b negatively regulated allergic inflammation, we examined the effect of miR-26 down-regulation on the allergic inflammation. miR-26a inhibitor and miR-26 inhibitor increased the expression of COX-2 mRNA (Figs. 5, A and E) and COX-2 protein (Figs. 5, B and F) . miR-26a inhibitor and miR-26b inhibitor increased the expression of hallmarks of allergic inflammation, such as MMP-2, SNAIL, FIGURE 8 . MIP-2 regulates in vitro allergic inflammation. A, RBL2H3 cells were transfected with the indicated siRNA (10 nM each) prior to sensitization with DNP-specific IgE (100 ng/ml). The IgE-sensitized RBL2H3 cells were then stimulated with DNP-HSA (100 ng/ml) for 1 h. Cell lysates were subjected to qRT-PCR analysis. *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005. B, same as A except that Western blot, immunoprecipitation, and ␤-hexosaminidase activity assays were performed. **, p Ͻ 0.005; ***, p Ͻ 0.0005. C, the IgE-sensitized RBL2H3 cells were preincubated with neutralizing nMCP1 antibody (10 g/ml) or isotypematched IgG (10 g/ml) for 2 h, followed by stimulation with DNP-HSA (100 ng/ml) for 2 h. Cell lysates were subjected to Western blot analysis. D, same as C except that ␤-hexosaminidase activity assays were performed. **, p Ͻ 0.005. E, BALB/c mice were given an intradermal injection of DNP-specific IgE (0.5 g/kg). The next day, BALB/c mice were given an intravenous injection of scrambled (Scr.) (100 nM) or MIP-2 siRNA (100 nM). One hour after the injection of siRNA, BALB/c mice were given an intravenous injection of PBS or DNP-HSA (250 g/kg) along with 2% (v/v) Evans Blue solution. One hour after the injection of Evans Blue solution, the dye was eluted from the ear in 700 l of formamide at 63°C. The absorbance was measured at 620 nm. Ear tissue lysates were isolated and subjected to ␤-hexosaminidase activity assays. *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005. F, ear tissue lysates were subjected to qRT-PCR to determine the expression of MIP-2 mRNA and COX-2 mRNA. **, p Ͻ 0.005. G, ear tissue lysate were subjected to Western blot analysis (top) or immunoprecipitated with the indicated antibody, followed by Western blot analysis (bottom). Error bars, S.E. integrin ␣ 5 (ITGA5), and COX-2 ( Fig. 5, C and G) . miR-26a inhibitor and miR-26b inhibitor increased ␤-hexosaminidase activity in RBL2H3 cells (Fig. 5, C and G) . The down-regulation of COX-2 prevented miR-26b inhibitors from increasing the expression of hallmarks of allergic inflammation and ␤-hexosaminidase activity (Fig. 5, D and H) . These results suggest that miR-26 inhibitors target COX-2 to regulate in vitro allergic inflammation.
miR-26 Inhibitors Induce Features of in Vivo Allergic Inflammation by Targeting COX-2-
We examined the effect of miR-26 inhibitors on in vivo allergic inflammation. The injection of miR-26a inhibitor or miR-26b inhibitor into the ears of BALB/c mice increased vascular permeability (Fig. 6A ). miR-26a inhibitor and miR-26b inhibitor increased the expression of hallmarks of allergic inflammation, such as MMP-2, SNAIL, integrin ␣ 5 , and COX-2, and induced an interaction between Fc⑀RI and Lyn in BALB/c mice (Fig. 6B ). miR-26a inhibitor and miR-26b inhibitor increased the expression of COX-2 mRNA (Fig. 6C) . The down-regulation of COX-2 prevented miR-26 inhibitors from increasing vascular permeability (Fig. 6D) . The down-regulation of COX-2 inhibited effects of miR-26 inhibitors on the expression of hallmarks of allergic inflammation, an interaction between Fc⑀RI and Lyn, and ␤-hexosaminidase activity (Fig. 6E) . These results suggest that miR-26a inhibitor and miR-26b inhibitor induce features of in vivo allergic inflammation by targeting COX-2.
MIP-2 Is Regulated by miR-26a/-26b and COX-2-Cytokine array analysis was performed to better understand the mechanisms associated with COX-2-mediated allergic inflammation. Serum of the COX-2(ϩ/ϩ) or COX-2(Ϫ/Ϫ) mouse was isolated after the induction of PSA. PSA induced the expression of various cytokines, such as MIP-2, MCP1, IL-10, and G-CSF, in a COX-2-dependent manner (Fig. 7A) . The expression of MIP-2 is significantly elevated in ovalbumin-dependent mouse model of asthma (30) . In allergic airway inflammation, the expression of MIP-2 is increased (31) . miR-26a inhibitor and miR-26b inhibitor increased the expression of MIP-2 in RBL2H3 cells in a dose-dependent manner (Fig. 7, B and C) . The overexpression of miR-26a and miR-26b prevented antigen form increasing the expression of MIP-2 in RBL2H3 cells (Fig. 7, D and E) . The down-regulation of COX-2 prevented antigen from increasing the expression of MIP-2 in RBL2H3 cells (Fig. 7F) . These results suggest that the expression of MIP-2 is regulated by miR-26a/-26b and COX-2. It will be interesting to examine the effect of COX-2 on the expression of IL-10 and G-CSF. 
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MIP-2 Regulates the in Vitro and in Vivo Allergic
Inflammation-We examined the role of MIP-2 in allergic inflammation. The down-regulation of MIP-2 in antigen-stimulated RBL2H3 cells (Fig. 8A) prevented antigen-induced increase in the expression of HDAC3 and COX-2 and prevented antigen-induced interaction between Fc⑀RI and Lyn (Fig. 8B) . Furthermore, the down-regulation of MIP-2 prevented antigen from increasing ␤-hexosaminidase activity (Fig.  8B) . The neutralizing MIP-2 antibody prevented antigen-induced increased expression of HDAC3 and COX-2 ( Fig. 8C ) and prevented antigen-induced increase in ␤-hexosaminidase activity (Fig. 8D) . The down-regulation of MIP-2 exerted a negative effect on PCA and prevented antigen-induced ␤-hexosaminidase activity (Fig. 8E ) and antigen-induced increase in COX-2 expression at the transcriptional level (Fig. 8F) . The down-regulation of MIP-2 prevented antigen from increasing the expression of HDAC3 and COX-2 and also prevented antigen from inducing an interaction between Fc⑀RI and Lyn in a mouse model of PCA (Fig. 8G) . These results suggest that MIP-2 regulates in vitro and in vivo allergic inflammation.
The Expression Regulation of MIP-2-We wanted to investigate the molecular mechanisms associated with the increased expression of MIP-2 during allergic inflammation. MIP-2 promoter sequences contain the binding sites for various transcription factors, such as SP1, AP1, YY1, SNAIL, and NF-B (Fig. 9A) . ChIP assays showed the binding of HDAC3 and SNAIL to the promoter sequences of MIP-2 in antigen-stimulated RBL2H3 cells (Fig. 9B ). miR-26a inhibitor and miR-26b inhibitor induced the binding of HDAC3 and SNAIL to the promoter sequences of MIP-2 (Fig. 9B ). miR-26a mimic and miR-26b mimic prevented antigen from inducing the binding of HDAC3, SNAIL, and COX-2 to the promoter sequences of MIP-2 (Fig. 9C ). COX-2 does not bind to the promoter sequences of miR-26a or miR-26b, 4 suggesting that COX-2 acts downstream of miR-26a/-26b. These results confirm that the expression of MIP-2 is regulated by the miR-26a/-26b-COX-2 axis. MAY 29, 2015 • VOLUME 290 • NUMBER 22 JOURNAL OF BIOLOGICAL CHEMISTRY 14257 miR-26a Mimic and miR-26b Mimic Negatively Regulate the Passive Cutaneous Anaphylaxis-We examined the effect of miR-26a and miR-26b on the in vivo allergic inflammation. miR-26a mimic and miR-26b mimic exerted negative effects on the increased vascular permeability by PCA (Figs. 10, A and E) . qRT-PCR analysis showed that miR-26a mimic and miR-26b mimic prevented antigen-induced increase in COX-2 mRNA and MIP-2 mRNA expression by PCA (Fig. 10, B and H) . miR-26a and miR-26b mimic exerted negative effects on the increased expression of COX-2, HDAC3, and MIP-2 by PCA ( Fig. 10, C and F) . miR-26a mimic and miR-26b mimic also exerted negative effects on the increased ␤-hexosaminidase activity by PCA (Fig. 10, D and G) . miR-26b mimic negatively regulated an interaction between Fc⑀RI and Lyn induced by PCA (Fig. 10F) . These results suggest that the overexpression of miR-26a and miR-26b negatively regulates PCA.
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miR-26a Mimic and miR-26b Mimic Negatively Regulate Passive Systemic Anaphylaxis-Because miR-26a mimic and miR-26b mimic negatively regulated PCA, we examined the effect of miR-26a mimic and miR-26b mimic on PSA. miR-26a mimic and miR-26b mimic prevented antigen-induced increase in the expression of HDAC3, COX-2, and MIP-2 and also prevented DNP-HSA from inducing an interaction between Fc⑀RI and Lyn in a mouse model of PSA (Fig. 11, A and C) . miR-26a mimic and miR-26b mimic prevented DNP-HAS-induced increase in COX-2 and MIP-2 expression at the transcriptional level (Fig. 11, A and E) . Immunohistochemistry staining showed that miR-26a mimic and miR-26b mimic prevented DNP-HSA from increasing the expression of MIP-2 in a mouse model of PSA (Fig. 11, B and F) . In addition, miR-26b mimic prevented DNP-HSA from increasing ␤-hexosaminidase activity (Fig. 11D) . These results suggest that miR-26a mimic and miR-26b mimic negatively regulate PSA.
miR-26a Mimic and miR-26b Mimic Negatively Regulate Allergic Inflammation-promoted Enhanced Tumorigenic Potential-PSA enhances the tumorigenic potential of cancer cells (9, 10) . PSA enhanced the tumorigenic potential of mouse melanoma B16F1 cells less than malignant melanoma cells ( Figs. 12A and 13A) . miR-26a mimic and miR-26b mimic exerted negative effects on the enhanced tumorigenic potential FIGURE 11 . miR-26a mimic and miR-26b mimic negatively regulate passive systemic anaphylaxis. A, BALB/c mice were given intravenous injection of DNP-specific IgE (0.5 g/kg) along with control mimic (100 nM) or miR-26a mimic (100 nM). The next day, BALB/c mice were given an intravenous injection of DNP-HSA (250 g/kg). One hour after stimulation with DNP-HSA (250 g/kg), lung tissue lysates were isolated from each mouse of each experimental group and were subjected to Western blot analysis or immunoprecipitated (IP) with the indicated antibody, followed by Western blot analysis. Lung tissue lysates were also subjected to qRT-PCR analysis to determine the expression of miR-26a and COX-2. **, p Ͻ 0.005; ***, p Ͻ 0.0005. B, immunohistochemistry staining employing lung tissue was performed as described. C, BALB/c mice were given intravenous injection of DNP-specific IgE (0.5 g/kg) along with control mimic (100 nM) or miR-26b mimic (100 nM). The next day, BALB/c mice were given an intravenous injection of DNP-HSA (250 g/kg). One hour after stimulation with DNP-HSA (250 g/kg), lung tissue lysates were isolated from each mouse of each experimental group and were subjected to Western blot analysis (top) or immunoprecipitated with the indicated antibody, followed by Western blot analysis (bottom). D, lung tissue lysates were subjected to ␤-hexosaminidase activity assays. ***, p Ͻ 0.0005. E, lung tissue lysates were subjected to qRT-PCR to determine the expression level of miR-26b, MIP-2, and COX-2. **, p Ͻ 0.005; ***, p Ͻ 0.0005. F, immunohistochemistry staining employing anti-MIP-2 antibody was performed as described. Error bars, S.E.
of B16F1 cells by PSA ( Figs. 12A and 13A ). qRT-PCR employing tumor tissue lysates showed that miR-26a mimic and miR-26b mimic negatively regulated the expression of COX-2 and MIP-2 ( Figs. 12B and 13B ). miR-26a mimic and miR-26b mimic prevented antigen-induced increased expression of HDAC3, COX-2, MMP-2, SNAIL, integrin ␣ 5 , and MIP-2 and also prevented antigen from regulating the expression of CD163 and iNOS ( Figs. 12C and 13C ). CD163 is a marker of the activated macrophages, whereas iNOS is a marker of the inhibitory macrophages (9) . This suggests that allergic inflammation activates macrophages, which in turn may enhance the tumorigenic potential of cancer cells. In other words, allergic inflammation may involve the interaction between mast cells and macrophages and the interaction between cancer cells and stromal cells, such as mast cells and macrophages. miR-26a mimic and miR-26b mimic prevented an interaction between Fc⑀RI and Lyn (Figs. 12C and 13C) . Allergic inflammation-promoted enhanced tumorigenic potential involved increased ␤-hexosaminidase activity (Figs. 12D and 13D ). miR-26a mimic and miR-26b mimic exerted negative effects on the increased ␤-hexosaminidase activity by PSA ( Figs. 12D and 13D) . The conditioned medium of lung mast cells obtained after the induction of PSA increased the expression of HDAC3, COX-2, and MIP-2 in B16F1 cells (Figs. 12E and 13E ). The fact that B16F1 cells showed increased expression of MIP-2 suggests that there is a positive feedback relationship between mast cells and cancer cells. miR-26a mimic and miR-26b mimic exerted negative effects on the increased expression of HDAC3, COX-2, and MIP-2 in B16F1 cells by the conditioned medium of lung mast cells (Figs. 12E and 13E) . miR-26a mimic and miR-26b mimic negatively regulated the enhanced invasion potential of B16F1 cells by PSA-activated lung mast cells (Figs. 12F  and 13F) . These results suggest that miR-26a mimic and miR-26b mimic negatively regulate allergic inflammation-promoted FIGURE 12. miR-26a mimic negatively regulates PSA-promoted enhanced tumorigenic potential of B16F1 melanoma cells. A, BALB/c mice were sensitized to DNP-specific IgE (0.5 g/kg) by an intravenous (i.v.) injection. The next day, BALB/c mice were given an intravenous injection of DNP-HSA (250 g/kg). Each mouse received an injection of B16F1 melanoma cells (2 ϫ 10 5 ) on day 2 of the time line. BALB/c mice were given an intravenous injection with control mimic (100 nM) or miR-26a mimic (100 nM) on days 0, 5, 8, 11, and 14 of the time line. Fifteen days after the injection of B16F1 cells, the tumorigenic potential of B16F1 cells was determined. B, qRT-PCR analysis employing tumor tissue lysates was performed to determine the expression of miR-26a, COX-2, and MIP-2. **, p Ͻ 0.005; ***, p Ͻ 0.0005. NS, not significant. C, tumor tissue lysates from each experimental group were subjected to Western blot analysis and were also subjected to immunoprecipitation (IP) (2 g/ml), followed by Western blot analysis. D, tumor tissue lysates were subjected to ␤-hexosaminidase activity assays. ***, p Ͻ 0.0005. E, the conditioned medium of lung mast cells after PSA induction was added to B16F1 cells for 24 h. Cell lysates were subjected to Western blot analysis. F, the conditioned medium of lung mast cells after PSA induction was added to B16F1 melanoma cells. An invasion assay was performed as described. ***, p Ͻ 0.0005. Error bars, S.E. MAY 29, 2015 • VOLUME 290 • NUMBER 22 enhanced tumorigenic potential by exerting negative effects on the positive feedback between mast cells and cancer cells mediated by MIP-2.
miR-26 Negatively Regulates the Interaction between Mast Cells and Macrophages during Allergic Inflammation-We previously reported a positive feedback loop between mast cells and macrophages during allergic inflammation (10) . We examined the effect of miR-26a mimic and miR-26b mimic on the positive feedback relationship between mast cells and macrophages during allergic inflammation (Fig. 14A ). miR-26a mimic and miR-26b mimic prevented antigen from increasing the expression of HDAC3 and COX-2 and prevented antigen-induced interaction between Fc⑀RI and Lyn in a mouse model of PSA (Fig. 14B ). miR-26a mimic and miR-26b mimic decreased the expression of miR-26a and miR-26b, respectively (Fig. 14C) . miR-26a mimic and miR-26b mimic prevented the conditioned medium of lung mast cells, obtained after PSA, from regulating the expression of CD163 and iNOS in lung macrophages (Fig.   14D ). The in vivo down-regulation of COX-2 prevented antigen-induced increased expression of MIP-2 and regulation of the expression of CD163 and iNOS in lung macrophages in the mouse model of PSA (Fig. 14E ). The addition of conditioned medium of lung macrophages obtained after PSA to lung mast cells increased ␤-hexosaminidase activity and MIP-2 and HDAC3 expression and induced an interaction between Fc⑀RI and Lyn in a COX-2-dependent manner (Fig. 14F) . These results suggest that macrophages, activated during allergic inflammation, activate mast cells in a COX-2-dependent manner. These results suggest that the miR-26a mimic and miR-26b mimic negatively the regulate positive feedback relationship between mast cells and macrophages during allergic inflammation.
miR-26a Mimic and miR-26b Mimic Negatively Regulate the Angiogenic Potential of Mast Cells-Allergic inflammationpromoted enhanced tumorigenic potential is accompanied by an enhanced angiogenic potential (9) . COX-2 is necessary FIGURE 13 . miR-26b mimic negatively regulates PSA-promoted enhanced tumorigenic potential of B16F1 melanoma cells. A, BALB/c mice were sensitized to DNP-specific IgE (0.5 g/kg) by an intravenous (i.v.) injection. The next day, BALB/c mice were given an intravenous injection of DNP-HSA (250 g/kg). Each mouse received an injection of B16F1 melanoma cells (subcutaneously; s.c.) (2 ϫ 10 5 ) on day 2 of the time line. BALB/c mice were given an intravenous injection with control mimic (100 nM) or miR-26b mimic (100 nM) on days 0, 5, 8, 11, and 14 of the time line. Fifteen days after the injection of B16F1 cells, the tumorigenic potential of B16F1 cells was determined. B, qRT-PCR analysis employing tumor tissue lysates was performed to determine the expression of miR-26b, COX-2, and MIP-2. **, p Ͻ 0.005; ***, p Ͻ 0.0005. C, tumor tissue lysates from each experimental group were subjected to Western blot analysis and were also subjected to immunoprecipitation (2 g/ml), followed by Western blot analysis. D, tumor tissue lysates were subjected to ␤-hexosaminidase activity assays. **, p Ͻ 0.005; ***, p Ͻ 0.0005. E, the conditioned medium of lung mast cells after PSA induction was added to B16F1 melanoma cells for 24 h. Cell lysates were subjected to Western blot analysis. F, the conditioned medium of lung mast cells after PSA induction was added to B16F1 cells. An invasion assay was performed as described. ***, p Ͻ 0.0005. Error bars, S.E.
for inflammation-driven angiogenesis and the expression of VEGF-A and VEGFR2 (32) . We examined whether PSA-activated mast cells display angiogenic potential. For this, lung mast cells were isolated from lung tissues after PSA in the absence or presence of miR-26a mimic or miR-26b mimic. The conditioned medium was then mixed with Matrigel, and intravital microscopy was performed. Lung mast cells activated by PSA displayed angiogenic potential (Fig. 15A ). miR-26a mimic and miR-26b mimic exerted negative effects on the angiogenic potential of lung mast cells (Fig. 15A ). Matrigel plug assays showed that miR-26a mimic and miR-26b mimic negatively regulated the angiogenic potential of lung mast cells (Fig. 15B ). The addition of conditioned medium of lung mast cells after PSA in the presence of miR-26a mimic or miR-26b mimic mouse lung endothelial cells (MLECs) exerted negative effects on the increased expression of HDAC3, COX-2, MIP-2, VEGF-A, and pVEGFR2 in MLECs by PSA (Fig. 15C) . These results suggest that mast cells, activated by allergic inflammation, promote angiogenesis to drive allergic inflammation-promoted enhanced tumorigenic potential.
COX-2 Is Necessary for the Enhanced Metastatic Potential of Cancer Cells by Allergic Inflammation and for the Interaction between Cancer Cells and Mast
Cells-PSA enhanced the metastatic potential of B16F1 melanoma cells in a COX-2-dependent manner (Fig. 16A) . Western blot analysis of lung tumor tissue showed that PSA increased the expression of HDAC3, COX-2, MIP-2, integrin ␣ 5 , and SNAIL in a COX-2-dependent manner (Fig. 16B ). Immunoprecipitation of lung tumor tissue showed that PSA induced an interaction between Fc⑀RI ␤ and Lyn in a COX-2-dependent manner (Fig. 16B ). Immunohistochemistry staining of lung tumor tissues showed that PSA induced the expression of COX-2 and MIP-2 in a COX-2-dependent manner (Fig. 16C) . The increased ␤-hexosaminidase activity in lung tumor tissue lysates occurred in a COX-2-dependent manner (Fig. 16D) . These results suggest that the enhanced metastatic potential of cancer cells may result from the interaction between cancer cells and mast cells. We next examined whether cancer cells could activate mast cells. For this, the conditioned medium of B16F10 cells transfected with SiCOX-2 was added to lung mast cells. The down-regulation of FIGURE 14 . miR-26a mimic and miR-26b mimic prevent an interaction between mast cells and macrophages during allergic inflammation. A, BALB/c mice were given an intravenous (i.v.) injection of DNP-specific IgE (0.5 g/kg) along with miR-26a mimic (100 nM) or miR-26b mimic (100 nM). The next day, BALB/c mice were given an intravenous injection of DNP-HSA (250 g/kg). One day after the injection of DNP-HSA, lung tissue was harvested. B, lung mast cells were isolated from lung tissue, and cell lysates were subjected to Western blot analysis or immunoprecipitated (IP) with the indicated antibody, followed by Western blot analysis. C, the expression level of miR-26a or miR-26b was also determined by qRT-PCR. ***, p Ͻ 0.0005. D, the conditioned medium of lung mast cells, isolated from each mouse of the experimental group, was added to lung macrophages for 24 h, and Western blot analysis was performed. E, BALB/c mice were injected with scrambled (Scr.) (100 nM) or COX-2 siRNA (100 nM) via the tail vein. The next day, BALB/c mice were injected with DNP-specific IgE (0.5 g/kg) via the tail vein. The following day, BALB/c mice were injected intravenously with DNP-HSA (250 g/kg) or PBS. Two hours after the injection of DNP-HSA, lung macrophage lysates were isolated and subjected to Western blot analysis. F, the conditioned medium of lung macrophages after PSA induction was added to lung mast cells for 24 h, followed by Western blot, immunoprecipitation, and ␤-hexosaminidase activity assays in lung mast cells. ***, p Ͻ 0.0005. Error bars, S.E.
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COX-2 decreased the expression of MCP1, HDAC3, TGaseII, integrin ␣ 5 , and SNAIL in B16F10 cells (Fig. 16E ). Lung mast cells showed the increased expression of COX-2 and HDAC3 by the conditioned medium of B16F10 cells (Fig. 16E ). The addition of conditioned medium of B16F10 cells to lung mast cells increased ␤-hexosaminidase activity and induced an interaction between Fc⑀RI and Lyn in a COX-2-dependent manner (Fig. 16F) . These results suggest that COX-2 is necessary for the activation of mast cells by cancer cells in allergic inflammation-promoted enhanced metastatic potential of cancer cells.
Discussion
In this study, we show the role of COX-2 in in vivo allergic inflammations, such as PCA, PSA, and TpCR (Fig. 1) . The induction of COX-2 in antigen-stimulated RBL2H3 cells occurs at the transcriptional level (Fig. 2D ). It will be necessary to identify transcriptional factors that regulate the expression of COX-2 during allergic inflammation. EGF induces the expression of COX-2 via SP1 (33) . The role of EGFR signaling in allergic inflammation has been reported (34) . The inhibition of EGFR signaling may prevent antigen from increasing the expression of COX-2.
TargetScan analysis predicts miR-26a as a negative regulator of IL-6. IgE-mediated activation of mouse bone marrow-derived mast cells enhances calpain activity. Calpain inhibitors block IgE-mediated IL-6 production in vitro and reduce late phase allergic response in vivo (35) . It would be interesting to examine the role of miR-26a and miR-26b on IL-6 expression. TargetScan analysis predicts that miR-26a targets Toll-like receptor 3 (TLR3). TLR3 plays a pivotal role in airway hyperresponsiveness in response to microbial infection in allergic lung inflammation (36) . In mice with allergic airway inflammation, dsRNA (a ligand of TLR3) challenge causes a significant exacerbation, increasing lung tissue inflammation score and tissue neutrophilia (37) . TLR3 activation induces production of allergen-specific IgE and IgG1 (38) . TLR3 null mice shows decreased rhinovirus-induced airway inflammatory and contractile responses (39) . Poly(I:C) (TLR3) stimulation increases the secretion of IL-6 and GM-CSF from the nasal mucosa and the epithelial cell lines (40) . Based on the above reports, it is probable that in vivo allergic inflammation, such as PCA, PSA, FIGURE 15 . miR-26a mimic and miR-216b mimic negatively regulate PSA-promoted enhanced angiogenic potential of mast cells. A, PSA employing BALB/c mouse was performed in the absence or presence of miR-26a mimic (100 nM) or miR-26 mimic (100 nM). Lung mast cells were isolated from lung tissue. The conditioned medium of lung mast cells was mixed with Matrigel, followed by intravital microscopy performed as described. *, p Ͻ 0.05; ***, p Ͻ 0.0005. B, same as A except that Matrigel plug assays were performed. Hemoglobin content was determined as described. ***, p Ͻ 0.0005. C, the conditioned medium of lung mast cells isolated after PSA in the absence or presence of miR-26a mimic or miR-26 mimic was added to mouse lung endothelial cells (MLECs) for 1 h, followed by Western blot analysis. Error bars, S.E.
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and TpCR, involves the activation of TLR3. It is reasonable that miR-26a negatively regulates TLR3 signaling during allergic inflammations.
TargetScan analysis predicts that miRNAs, such as miR-200a and miR-141, target the expression of MIP-2. 4 miR-200a represses the expression of TGF␤1 and TGF␤2 and regulates TGF␤-dependent epithelial-mesenchymal transition (41) . Allergen-induced airway remodeling is mediated by aldose reductase, and its inhibition blocks the progression of remodeling via inhibiting the TGF␤1-induced Smad-independent and PI3K/AKT/GSK3␤-dependent pathway (42) . The inhibition of aldose reductase prevents ragweed pollen extract-induced increase in COX-2 expression (43) . Aldose reductase negatively regulates the expression of miR-200a-3p/141-3p. miR-200a-3p/141-3p, in turn, target Keap1, TGF␤2, and Zeb2 to control renal oxidative stress (44) . Because TGF␤ signaling is involved in allergic inflammation, it is probable that miR-200a/-141-3p act as a negative regulator of allergic inflammation.
Promoter sequences of miR-26a contain a binding site for transcriptional factors, such as SNAIL, YY1, AP1, Smad, NF-B, and SP1. 4 The role of SP1 in allergic inflammation has been reported (45) . It would be interesting to examine whether SP1 would directly regulate the expression of miR-26a and/or miR-26b in allergic inflammations. Promoter sequences of miR-26b also contain a binding site for SP1 and SNAIL. The role of SNAIL in allergic inflammation has been shown previously (46) . We show the binding of SNAIL to the promoter sequences of miR-26a and miR-26b. 4 It would be interesting to examine the potential feedback loop between SP1 and/or SNAIL and miR-26a/-26b.
ChIP assays show the binding of HDAC3 to the promoter sequences of miR-26a and miR-26b. 4 miR-26a and miR-26b FIGURE 16 . COX-2 is necessary for PSA-promoted enhanced metastatic potential of B16F1 melanoma cells and is necessary for an interaction between cancer cells and mast cells. A, BALB/c mice were sensitized to DNP-specific IgE (0.5 g/kg) by an intravenous (i.v.) injection. The next day, BALB/c mice were given an intravenous injection of DNP-HSA (250 g/kg). Each mouse received an injection of B16F1 melanoma cells (2 ϫ 10 5 ) on day 3 of the time line. BALB/c mice were given an intravenous injection with the indicated siRNA (100 nM) on days 1, 5, and 7 of the time line. On day 12 of the time line, lung tissues were harvested. Formalin-fixed lung sections were stained with H&E. Black arrows, lung metastatic foci (scale bar, 100 m). The extent of lung metastasis was determined as described. ***, p Ͻ 0.0005. B, lung tumor tissue lysates were isolated from each mouse of each experimental group of mice and were subjected to Western blot analysis (top). Lung tumor lysates isolated from each mouse of each experimental group of mice were immunoprecipitated (IP) with the indicated antibody, followed by Western blot analysis (bottom). C, immunohistochemistry staining employing lung tumor tissues was performed as described. D, lung tumor tissue lysates were isolated and subjected to ␤-hexosaminidase activity assays. **, p Ͻ 0.005; ***, p Ͻ 0.0005. E, B16F10 cells were transfected with the indicated siRNA (each at 10 nM). At 48 h after transfection, cell lysates were subjected to Western blot analysis. F, the conditioned medium of B16F10 cells obtained after transfection with the indicated siRNA was added to lung mast cells. At 24 h after the addition of the conditioned medium, ␤-hexosaminidase activity assay, Western blot analysis, and immunoprecipitation were performed. ***, p Ͻ 0.0005. Error bars, S.E.
negatively regulate the expression of HDAC3 in allergic inflammation (Fig. 4B ). This suggests that HDAC3 may form a negative feedback loop with miR-26a/-26b. It is reasonable that HDAC3 may regulate the expression of COX-2.
TGaseII interacts with Rac1 and is responsible for the increased ROS during allergic inflammation (46) . Thus, TGaseII may be necessary for the induction of COX-2 by allergic inflammation. miR-26a and miR-26b negatively regulate the expression of TGaseII in antigen-stimulated RBL2H3 cells (Fig.  4B ). It would be interesting to examine whether miR-26a/-26b form a negative feedback loop with TGaseII.
Low level laser therapy decreases the production of ROS and the expression of MIP-2 in LPS-or H 2 O 2 -stimulated alveolar macrophages (47) . TNF-␣ mediates cristobalite-induced MCP1 and MIP-2 expression through the generation of ROS in murine alveolar type II cells (48) . The above reports are suggestive of a role of miR-26a and miR-26b in the regulation of MIP-2 expression. We show that miR-26a and miR-26b negatively regulate Rac1 activity, ROS production, and the expression of MIP-2 during allergic inflammation (Fig. 4C ).
Cytokine array analysis shows that the induction of MCP1 and MIP-2 by antigen stimulation occurs in a COX-2-dependent manner (Fig. 7A) . Mast cells initiate an early phase of neutrophil recruitment by releasing MIP-2 during tissue inflamma-tion (49) . MCP1 promotes inflammatory intra-aneurysmal tissue healing in an MIP-2-dependent pathway (50) . miR-21 is overexpressed in a mouse model of colitis and is responsible for the increased expression of MIP-2 (51) . Because HDAC3 binds to the promoter sequences of MIP-2 ( Fig. 9, B and C) , it is reasonable that miR-21 may increase the expression of MIP-2 via HDAC3. Thus, MCP1 increases the expression of HDAC3, which in turn binds to the promoter sequences of MIP-2 to increase the expression of MIP-2.
miR-26b is predicted to target hepatocyte growth factor (HGF). HGF regulates allergic airway inflammation, hyperresponsiveness, and remodeling (52) . The HGF-HGRF (HGF receptor) (c-Met) axis regulates the angiogenic potential of human hepatocellular carcinoma (53) . In this study, we show that miR-26a and miR-26b regulate the angiogenic potential of the activated mast cells (Fig. 15, A and B) . HGF and miR-26a/-26b probably form a negative feedback loop to regulate allergic inflammation.
Cancer cells are often associated with abundant macrophages that resemble the alternatively activated M2 subset. Tumor-associated macrophages inhibit anti-tumor immune responses and promote metastasis (54) . COX-2 inhibition causes loss of the M2 macrophage characteristics of tumorassociated macrophages and prevents breast cancer metastasis (54) . In this study, we show that COX-2 is necessary for allergic inflammation-promoted enhanced metastatic potential of cancer cells (Fig. 16A) .
In this study, we show that COX-2 regulates allergic inflammation in vitro and in vivo by forming a negative feedback loop with miR-26a/-26b ( Fig. 17 ). We present evidence that miR-26a and miR-26b regulate the interaction between cancer cells and mast cells and the interaction among stromal cells during allergic inflammation-promoted enhanced tumorigenic and metastatic potential. We show that the induction of MIP-2 occurs in a COX-2-dependent manner during allergic inflammation. Cytokines such as MIP-2 may mediate interactions between cancer cells and stromal cells during allergic inflammation-promoted enhanced tumorigenic potential (Fig. 17 ). In this study, we show that the miR-26a/-26b-COX-2-MIP-2 loop regulates allergic inflammation and allergic inflammation-promoted enhanced tumorigenic and metastatic potential of cancer cells. The miR-26a/-26b-COX-2-MIP-2 loop may offer a valuable target for the development of anti-allergy and anti-cancer drugs.
